Inversion barriers for the group-l 5 hydrides NH3, PH,, ASH,, SbH, and BiH, have been studied using ab initio self-consistent-field methods including electron correlation and relativistic effects. A modified symmetric inversion potential is introduced to describe the inversion from the minimum C,, arrangement through the D,, transition state. Tunneling rates and frequencies are calculated at the Hartree-Fock and MQller-Plesset (MP2) level within the Wentzel-Kramers-Brillouin approximation. At the MP2 level the calculated 0+/O-v2 frequency splitting of the vibronic ground state of NH,/ND, (0.729 cm-'/O.041 cm-') is in excellent agreement with the experimental values (0.794 cm-'/O.053 cm-'). The tunneling rate for PH, suggests that previously published values are wrong by orders of magnitude. Correlation effects do not change the barriers significantly in accordance with Freed's theorem. This has been studied in more detail for BiH, at the quadratic configurationinteraction (QCI) level. Relativistic effects increase the barrier height of BiH, by 81.6 kJ/mol at the QCI level. Nonrelativistic and relativistic extended Htickel calculations suggest that the a, highest occupied molecular orbital, which is antibonding to the Bi 6s, relieves part of its antibonding character near equilibrium geometry due to the relativistic radial contraction of the 6s orbital and hence increases the barrier height. In the planar transition state this orbital is a nonbonding a:. The increasing trend in barrier heights from NH, to BiH, can be explained by a second-order Jahn-Teller distortion of the trigonal planar geometry. Vibrational frequencies are predicted for BiH,.
unusual transition states of the fluorides.25 Hence, trends in barrier heights along the series N, P, As, Sb, and Bi cannot be explained by simply using the H-M-H angles. For calculating tunneling frequencies or and tunneling II. METHODS rates rr. of the MH, molecules, the shape of the inversion potential has to be known. However, the calculation of the A. REX calculations potential-energy curve can become quite expensive in computer time, especially for systems containing heavier atoms, when correlation and relativistic effects are taken into account. Moreover, most formulas for symmetric double-well potentials, which are easy to adjust to calculated or experimental values, are quite inaccurate and often do not represent very well the calculated one-dimensional inversion potentials. As a result, published tunneling rates differ often by orders of magnitude depending on the approximation used. For example, tunneling rates for ASH, published so far lie between 53 s and 1.4 years. 28-31 It is therefore desirable to find a suitable but accurate functional form describing the inversion process, which contains some simple adjustable B. Ab in/t/o calculations parameters. This is certainly useful for ab initio calculations of accurate tunneling rates of more general MR, molecules (R, for example, an organic substituent) in order to evaluate whether optically active compounds may exist on an experimental time scale.
The calculations were carried out using the ITERFX-87 program3* (and consumed about 10 s of PC time/point) ." The default parameters33 were used for the group-l 5 atoms. The hydrogen parameters were taken as aH = -10 eV (Ref. 34) and St+ = 1.3. The M-H distances were kept fixed at 1.02, 1.41, 1.51, 1.71, and 1.79 A for N, P, As, Sb, and Bi, respectively. The Bi-H distance was estimated, the other distances were experimental. 35 The experimental H-M-H angles a (107. 6", 93.6", 92.0", and 91.6") were used for N to Sb, respectively. For Bi, the difference between 90" and 120" is discussed below.
In this paper we present simple but straightforward REX/EHT analysis of trends and relativistic effects on the MH, (M = N,...,Bi) inversion barriers and compare the results with credible ab initio calculations using quasirelativistic (QR) pseudopotentials (PP) for the heavier elements. We introduce a modified symmetric Gaussian barrier for computing tunneling rates within the Wentzel-KramersBrillouin approximation ( WKB). The methods used are described in detail in the next section. Results and discussion are presented in Sec. HI. A summary is given in Sec. IV.
The quantum-chemical program packages and TURBOMOLE~ '-~~ have been used for all calculations. The geometries are optimized at the Hartre+Fock (HF) as well as the correlated level of theory [ MQller-Plesset perturbation theory of second order (MP2) 1. BiH, has been investigated at the MP3, MP4, and the quadratic conliguration-interaction level (QCI) including triples corrections,-* which is known to perform extremely well compared to other correlation procedures.43 For H we took a contracted Huzinaga (9s)/[ 6.~1 basis set" with twop-polarization functions given by Lie and Clementi and a diffuses function with exponent 0.01. Trucks et ~1.~~ pointed out that for an accurate description of the v2 (A, ) bending mode of NH, large basis sets are needed. Therefore, for N and P a 6-311 + G* basis set was taken,36s47 but these basis sets have been decontracted to a 6-2 111 + G* set to allow more flexibility in s-p mixing for the inversion process. Wilson' s GF matrix method.
C. The inversion potential
We use a modified symmetric Gaussian barrier for all inversion potentials, Y(X) = (U + bx* + cx4)e-'dx2, -Ix,in I<x<Ix,in 1
(1) with the boundary conditions V(xmin ) = 0, x,, = 0, and w,, ) = E,. This leads to simple formulas for the coefficients a, 6, c, and d,
The fourth coefficient d will be chosen to tit one point of the potential curve lying in the region between xmin and x,,,, which we denote as x1f2 (d= -x,,'
x In [ V(x,,, ) * (a + bxf,, + cx:,* > -'I). In order to obtain the adjustable parameters of Eq. ( I), the following steps for calculating the tunneling splitting for the ground-state vibrational level have to be performed (x = y -90"):
( 1) Calculate the minimum geometry of the ML, molecule to find ymin and the L-M-L bending mode frequency %'o ( = ov, ).
(2) Calculate the transition-state geometry (y = 90") and the barrier height E,. (3) Take the midpoint y,,* = ymi,/2 + 45" and optimize the M-L bond distances at y,,* to obtain E( yl,2 >. (4) Calculate the coefficients a, b, c, and d of Eq. ( 1) and perform a numerical integration to obtain the tunneling frequency 1~~ and the tunneling rate rr = (2~~) -' by using the well-known WKB formula54 for symmetric barriers 28.29.55 , yr =YO@ (3) P with the integral
and the tunneling coordinate s, s = rcos( 180" -y).
(5) r denotes the M-H bond distance, p the effective mass of the ML, molecule, P =3m,m,(m, +3m,) -' and (6) so =r[cos(l80") -'yO], ~0 =Ymin + IY(Eo) -Ymin I*
y( E, ) is the angle y at the energy E,, which can be obtained from Eq.
( 1) . Note that only three geometry optimizations at the three different angles, 3/min, y = 90" and y,,* are necessary to obtain an accurate potential curve for the inversion process. For calculating the integral I [ Eq. (4) ] we performed a numerical integration using the extended Simpson formula with a mesh of 2000 points between y(E, ) and y = 90°.52 The M-H bond distance r changes slightly with changing angle y, the difference in bond distances between the minimum structure and the inversion state is between 0.01 and 0.09 A depending on the atomic center M (the difference increases from M = N to M = Bi; Table I ). Therefore, for calculating the tunneling coordinates we took that change into account by using a linear correlation between s and r (nonrigid bender approach55 ) . We also included a correction for the angle dependence of the reduced mass, i.e.,p(y) =p(l + 3m, sin*(y-90")/m,),53~56 p as defined in Eq. (6) . We should remark that there are more sophisticated analytical formulas available in literature,57 like those by Manning,58 Chan eta1.,59 Campoy, Palma, and Sandoval, or Papousekand co-workers,55,61 which, in contrast to ansatz ( I-), describe the repulsive outer part of the inversion potential quite accurately and are therefore more useful for solving the vibronic Schrddinger equation. However, these formulas do not lead to simple relations for the adjustable coefficients like those in Eq. ( 1) . Also, the coefficients a, b, c, and d of Eq. ( 1) have simple physical interpretations; the adjustable parameter d, for example, is a measure of the deviation from a simple polynomial behavior, V(x) = a + bx* + cx4.
(8) Moreover, the vibronic Schriidinger equation for a one-dimensional double-well potential is normally solved by numerical techniques,30 and for this purpose an additional potential for the repulsive part may be added to ansatz ( 1) . It has also been shown by Papousek and co-workers6* that the WKB approximation is excellent compared to the numerical solution of the Schrodinger equation, especially in lower regions of the inversion potential. Hence, the errors introduced by the various approximations used within the ab initio procedure are expected to be large compared to the inaccuracy of the WKB approximation. Moreover, for very small inversion splittings the numerical solution of the Schrodinger equation becomes extremely difficult and the WKB approximation seems to be the only available accurate method to calculate small frequency splittings.
Ill. RESULTS AND DISCUSSION

A. Molecular properties
The calculated geometries at the MP2 level for the group-15 hydrides are all in excellent agreement with experimental values (Table I ). In most cases the accuracy in the calculated M-H bond distance is better than 0.01 A. For NH, the MP2 geometry is in good agreement with MP2 results published by Simandiras, Handy, and Amos (r, = 1.009 A, 'ye = 11 1.71"),65 who used extensive basis sets for both the nitrogen and the hydrogen atom. Experimental data for gas-phase BiH, are not available. However, we can compare our QCI bond distance ( 1.826 A; Table II) with a complete-active-space self-consistent-field second order configuration-interaction (CASSCF/SOCI) value by Dai and Balasubramaniani6 ( 1.865 A). Table II shows that electron correlation increases the Bi-H bond length by maximal 0.02 A. Hence the difference of our QCI bond length with the CASSCF/SOCI value of about 0.04 A for BiH, is probably due to differences in the pseudopotentials and basis sets used. For NH, an accurate experimental value for the (effective) barrier height E;, has been published [ 24.2 kJ/mol (Ref. 6) 1, which is in excellent agreement with our calculated MP2 value (25.1 kJ/mol). Near HF limit calculations66-69 suggest that the correlation contribution to the barrier height is small and of ca. 2.5 kJ/mol, which is close to our MP2 value (3.1 kJ/mol), but larger than a coupledelectron-pair approximation (CEPA) value given by Ahlrichs et ~1.~' ( 1.7 k.I/mol) . Less close agreement, however, is obtained for the PH, molecule if we compare our MP2 value (146.8 kJ/mol; Table I ) with an experimentally estimated barrier height [ 132 kJ/mol (Ref. 5) 1, but we like to point out that it is difficult to estimate high activation barriers on an experimental basis. Moreover, our value is in agreement with a previously published result by Ahlrichs et ~1.~~ (145.8 kJ/mol) or Marynick and Dixon72 (143.9 kJ/mol). We therefore conclude that the MP2 values are encouraging for calculating inversion barriers.
To investigate the role of electron correlation in more detail we performed MP3, MP4, and QCI calculations for the least-studied molecule so far, BiH, . The results are presented in Table II . The BiH, inversion barriers at different levels of electron correlation do not vary much. This is in TABLE II. Molecular properties for BM, at various levels of the theory. Bi-H bond distances r, in A, H-Bi-H bond angles a, in deg, symmetric stretching force constants k, (per Bi-L bond) in mdyn A-', and the barrier height E, in k.J/mol. T denotes the molecular properties at the trigonal planar transition state. NR values are set in parentheses. Table III calculated frequencies are listed in comparison with experimental results. The 6-2 111 + G* basis set for N performs extremely well, i.e., for NH, our HF harmonic frequencies are in very good agreement with values published recently by Amos (Y, = 3691 cm -', v2 = 1099 cm-' , v, = 3815 cm-', v4 = 1787cm-1),84 who used basis sets of HF-limit quality. For an accurate description of the vz bending mode a CI with very large basis sets is required,46 However, our MP2 value for the v2 mode ( 1069 cm-'; Table III ) is in good agreement with the estimated harmonic experimental frequency ( 1022 cm-').76 Table IV shows the adjusted force field including offdiagonal elements. In all cases the fit procedure yields the exact input frequencies. Several local and global minima with quite different off-diagonal force constants appeared in the fit procedure. Most of these off-diagonal force constants are relatively small, but essential for obtaining a satisfying fit to given frequencies. Off-diagonal force constants can be very sensitive to basis-set effects and to the method of electron correlation applied. We therefore chose the fit which kept the off-diagonal elements as small as possible. This distinguishes our force fields from first-principle ab initio determined force fields which may show larger off-diagonal force constants. HF and MP2 M-H stretching and H-M-H bending force constants are overestimated (by about 10% at the MP2 level) compared to results obtained from fitting experimental frequencies. We therefore chose a scaling factor of fs = 0.9 for BiH, (Table IV) using the MP2 off-diagonal force constants to predict the fundamental frequencies for this molecule (Table III) , which are unknown. to show smaller anharmonicity effects compared to NH, due to the larger barrier height of the PH, inversion, i.e., compare the difference of the calculated MP2 frequencies to the experimental O+ 1 transitions (Table I) for NH, ( 119 cm-' ) and PH, (60 cm-'). This makes a harmonic frequency analysis using only second derivatives of the total energy questionable. However, the calculated frequencies for ND, using the force field obtained from experimental frequencies of NH, which include anharmonicity effects are in very good agreement with measured results (Table III) . Moreover, harmonic frequencies adjusted from experimental frequencies are available for NHX,76 and are in good agreement with our MP2 values (Table III) .
The HF infrared intensities for NH, (Table III) are in reasonable agreement with near HF-limit results of Amos.84 The trends in the MP2 infrared intensities are depicted in Fig. 4 . There is an increasing trend in the intensities of all four modes from NH, to BiH,, except for the vz modes of NH, and BiH, and the v4 mode of BiH, . In the case of BIH, this is related to relativistic effects, i.e., compare the NRMP2 and RMP2 values given in Table III . For MH, the measured 0 -+ 1 v2 (A I ) frequencies also show an irregularity from M = N to M = P; however, the vz frequency is increasing from NH, to PH, . Hence, the high intensity of the NH, O+ 1 vz transition compared to PH, must be due to the change of the dipole moment in the symmetric bending which deserves more detailed investigation. Perhaps the very large (absolute value of the) dipole moment plus the relatively small bonding angle of NH, compared to PH, is responsible for the intense vz mode. Note that the intensities of the symmetric stretching modes are above the antisymmetric ones in contrast to the bending modes. Relativistic effects in the BiH, force field are relatively small and within the accuracy of our chosen methods (for a detailed discussion of relativistic effects in the main group hydrides and along the sixth period see Refs. 85 and 86). Figure 5 indicates that the NR and R potential curves are similar in shape around the minimum, the R curve being shifted to a slightly smaller angle y (for the region y < 90"). The only larger relativistic change occurs in the BiH, dipole moment ( Aa,u = -0. 9 D) . The dipole moments increase monotonically from NH, (,Q = -1.56 D) to BiH, (,u = + 1. 48 D) , in accordance with the increase in the gross atomic charges q obtained by a Mulliken population analysis (Table VI) , i.e., for NH, we have qN = -0.60 increasing to qsi = + 1.04 for BiH,. This can be rationalized as being due to the decreasing electronegativity from nitrogen down to bismuth.
The inversion barriers of pyramidal ML3 and ML, molecules have been reviewed by Boldyrev and Charkin. The trend in the inversion barrier heights E, is shown in Figs. 1  and 2 , and is almost linear with respect to the angle y (taking the NR value for BiH,), Eo(y) = 12.793~-1409 (kJ/mol). The common explanation for this increase is that the H-M-H angle a is decreasing along the series NH,, PH, , ASH,, SbH, , and BiH,, i.e., the larger the deviation ha from the planar D,, structure the higher the barrier height E= . ' The decreasing trend in the L-M-L bond angles from M = N to M = Bi is consistent for both the hydrides (L = H) and fluorides (L = F) and may be explained in terms of simple models.87*88 However, the barrier heights and L-M-L bond angles do not seem to be related in a transparent way. The trend in barrier heights with decreasing L-M-L angle shows the reverse behavior for the fluorides compared to the hydrides (Fig. 2) . As a consequence, SbF, and BiF, have lower barrier heights than SbH3 and BiH,, respectively. Hence, electrostatic models, as used for example in Ref. 2 1, are not adequate. We can rationalize this trend by applying a pseudo-Jahn-Teller (JT) symmetry breaking of the D3,, into the C,, structure.89*90 The frontier orbitals for the group-15 hydrides in the D,, arrangement are collected in Table V . These data show that the highest occupied molecular orbital (HOMO) a; orbital energy is increasing from NH, to BiH, . This a; orbital is mainly responsible for the second-order JT distortion because it mixes with the unoccupied a; orbital, also shown in Table V . The difference in orbital energies he = IP'"(a;) -e""%'( a; ) 1 decreases from NH, to BiH, , and therefore the second-order JT distortion is expected to increase within this series." The a; orbital energies for SbH, and BiH, are similar and we cannot explain the sudden increase in the BiH3 barrier height compared to SbH, using this qualitative model. We should point out that the unusual T-shaped structures of most of the group-l 5 fluorides can also be explained through a secondorder JT distortion involving e' with a; orbital mixing, as this is the case for C1F3.89 The valence e' orbitals in the hydride series are, however, low lying energetically and this explains why the hydrides prefer a trigonal planar transition state instead of a T-shaped arrangement. Dai and Balasubramaniannj have shown by calculation that the inversion barrier of BiH, is unusually high compared with those of its lighter congeners, and they have assumed that this is due to relativistic effects. We investigated the transition state in more detail at the QCI level. As in the case for the other group-15 hydrides, the inversion barrier for BiH, goes through a trigonal planar (D,, ) arrangement with a slightly shorter Bi-H bond length than that of the ground state, i.e., 1.735 %L for the D,, structure at the relativistic QCI level. Figure 6 demonstrates that BiH, has no second transition state at a T-shaped arrangement at neither the nonrelativistic nor the relativistic level of theory. The QCI inversion barrier E, is calculated to be 270.6 kJ/mol at the relativistic level and 189.0 kJ/mol at the nonrelativistic level. Hence, the unusually large inversion barrier of BiH, is indeed a relativistic effect. Is this due to the relativistic 6s contraction, which often is related to the inert pair effect? '6,86 The inversion process C,, -+Dxh +C,, is usually explained as a change in hybridization, sp3-+sp2 -+sp3. Hence, one may expect more s and lessp involvement in the M-H bond at the D,, transition state compared to the C,, ground state. Indeed, a Mulliken population analysis shows a large increase in the pz orbital populations for all compounds changing from the C,, to the D,, structure (Table  VI) . Relativistically frozen 6s electrons may hamper this process resulting in an increased activation barrier. As shown in Table VI transition state shows a lower value of the 6s population, n, = 1.38 at the RMP2 level and n, = 1.16 at the NRMP2 level. This may indicate that the relativistically increased inertness of the 6.? electron pair is responsible for the high activation barrier in BiH, . REX calculations show that the relativistic change of the MH, inversion barriers increases roughly as 2' and reaches about 40% for M = Bi. This is the first explicit estimate of the importance of relativistic effects on inversion barriers. I7 A Walsh diagram for REX/EHT orbital energies shows that the a, HOMO is the orbital whose energy increases with the angle a. The three lower energy levels suffer a slight decrease. This agrees with Dixon and Arduengo. '-13 The spin-orbit averaged (QR) value for BiH, in Table VII is very close to the REX one, suggesting that the spin-orbit effects are not important. In fact, the relativistic 6p param- 
B. Tunneling frequencies and rates
The adjusted parameters for Eq.
( 1) are collected in Table VIII for both the HF and the MP2 approximation. Figure 7 shows the fit of Eq. ( 1) to calculated HF values for the relativistic BiH, inversion using as the tunneling coordinate x = y -90". Figure 7 also includes other formulas which have been used in the past,28,30 ( 1) and the parameters given in Table VIII . The barrier height is monotonically increasing from NH, to BiH, .
Schwerdtfeger,Laakkonen,and Pyykkt):Trendsininversionbarriers.I where ha = (ad,, -a) and a is the LML angle, A is an adjustable parameter for the barrier height Ea. yand a (Fig.  1) are related through the well-known formula for C,, symmetry, a=2sin- ' [sin(l80"--y) cos (30") ]. Figure 7 shows that Eq. ( 1) is an excellent choice for the inversion potential curve. The deviations from the ideal curve are of some kJ/mol and within the range of error in the electron correlation and relativistic contributions. A comparison between the two curves of Eqs. ( 1) and (8) demonstrates that a simple polynomial fit may not be sufficient. Finally, in Fig.  8 we collect all inversion potentials for the group-15 hydrides which have been used for the numerical integration of integral 1, Eq. (4).
The tunneling frequencies Y= and rates rT = (2~~) -' are collected in Table IX . Note that the harmonic approximation has been used for both the HF and MP2 frequency . . . -39.570 -35191 . . . -40.089 -35.849 . . . splittings within the WKB approximation.
The angles y( E, ) differ from ydn by about 4'-8" depending on the element M. There is, however, a decreasing trend in this difference with increasing barrier height. For NH, the experimental 0 +/O-vZ tunneling splitting is known (Ye = 0.793 cm -'),76,92*93 which compares extremely well with our calculated MP2 value (Y* = 0.729 cm -' ) . However, the tunneling frequencies are sensitive to small changes in the molecular properties. For example, if we apply the experimental data listed in Table I (v. = 886 cm-', r, = 1.012 A, ye = 112.14", E, = 24.2 kJ/mol) which include anharmonicity effects, we obtain a smaller frequency splitting of vT = 0.486 cm -'.95 This is still in satisfying agreement with the experimental value. The angle dependence of the reduced mass may be neglected, i.e., p(y) = ,u in Eq. (6) for all angles y yields Y= = 0.737 cm -' for NH, at the MP2 level. Also, the effect of constant bond length (r = r, > in Eq. (7) for all angles y changes the results only slightly, i.e., applying r = r, = 1.011 8, for NH, at the MP2 level yields Y= = 0.717 cm -'. Table IX demonstrates that a simple polynomial fit (Eq. (8) ] for the inversion potential can lead to substantial errors in the tunneling frequencies. This is especially the case for the hydrides of the heavier elements. Hence, the results are sensitive to the potential ansatz chosen (see Fig. 7 for BiH, ) and this explains the large differences in published tunneling rates for PH, or ASH, .28*30,62 However, Fig. 7 leads to the assumption that our potential form ( 1) is accurate and therefore, the tunneling rates should be reasonably good.
Except for NH, the tunneling frequencies for the ground-state vibrational level are too small to be detected experimentally (even with ultrahigh-resolution spectroscopy), in contrast to earlier conclusions.23*93 For example, DiLonardo and Fusina" did not observe any frequency splitting in the 1r2 bending mode of ASH, claiming a resolution of 0.006 cm -I. Figure 9 collects the MP2 tunneling rates for all molecules on a logarithmic scale. There is a relatively smooth increasing trend in the tunneling rates from NH, (2X 10 -'I s) to BiH, (6x lo9 years). Clearly, relativistic effects change the tunneling rate of BiH, by orders of magnitude, as expected from the relativistic increase in the barrier height.
The inversion potentials [ Eq.
( 1) ] can be used for calculating tunneling splittings in excited vibronic states. For example, taking the published value of AV = 1~~ -OV, = 950 cm-' for the difference of the ground and first excited vibronic state of the H-N-H bending mode we obtain Ye = 43.2 cm -' for the 1 + /l -V* levels (using the MP2 inversion potential and experimental frequencies) in very good agreement with the measured frequency splitting (Ye = 36 cm-').sa Maki, Sams, and Olson9'j concluded from vibrational studies on PH, that the excited 4~~ level is split by less than their achieved resolution of 0.02 cm-'. This agrees with our finding, i.e., using E(4v, ) = 4375 cm -I," we obtain a tunneling splitting of Y= = 1.2X 10 -5 cm -' which could be measured by ultrahigh-resolution spectroscopy (compare to the lower values of Spirko, Stone, and Papousek,61 Ye = 3 X 10 -lo cm- ', or Civis, Carsky, and Spirko,97 Ye = 1.6X 10V7 cm-').
If we assume that ND, follows the same inversion potential as NH, (compare, for example, the molecular properties for ND, and NH, published by Papousek and Spirko55 ), we obtain the values listed in Table IX . Our calculated MP2 value (4.08 X 10 -2 cm- ') is in excellent agreement with the experimental value (5.34X lo-' cm -' ) . Table IX also includes the calculated data using a first-order harmonic-oscillator approximation published by Harmony.94 This formula is easy to use since it contains only the properties v. and ymin for a molecule and is not dependent on the barrier height E, or the shape of the inversion potential. This formula, however, does not perform very well even for very small tunneling frequencies and the agreement with experimental values obtained earlier for the NH, molecule94 seems to be fortuitous. This is mainly so because Harmony's qualitative formula is very sensitive to small changes in v. and ymin.
IV. CONCLUSION
HF and MP2 calculations for the inversion process of the group-15 hydrides have been performed. A modified one-dimensional symmetric Gaussian barrier has been introduced in order to calculate tunneling rates and frequencies for all molecules, which should be useful for a wider range of applications (see, for example, Ref. 98) where a one-dimensional potential curve is sufficient to describe the inversion of a molecule. The results obtained are in good agreement with experiment. This gives some confidence in the harmonic one-dimensional WKB approach for inversion tunneling. There have been, however, multidimensional approaches in order to calculate vibronic states of NH,, which gave good results on the tunneling frequency Ye for the 0~~ level despite the fact that only a SCF hypersurface was used.99 The tunneling splitting in the 43 vibronic state of PH, may be large enough to be observed by ultrahigh-resolution spectroscopy. REX calculations suggest that the relativistic, radial 6scontraction causes the large relativistic increase of the BiH, inversion barrier. The monotonic increase in the inversion barriers from NH, towards BiH, can be explained qualitatively by a second-order Jahn-Teller distortion.
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